Abstract. Numerical simulations are made within the frame of the elliptic plane restricted three-body problem, in order to search if stable orbits exist for planets around one of the two components in double stars. The ADS 12033 system is investigated here. Large stable planetary orbits, already known to exist (more precisely, known to be possible from the dynamical point of view) through a systematic exploration of the circular model and for several cases of the elliptic model (Sun-Jupiter, α Centauri, Sirius and η Coronae Borealis), are found to exist around ADS 12033 A and ADS 12033 B up to distances from each star of the order of more than half the binary's periastron separation. Moreover, nearly circular stable planetary orbits are found to exist in the so-called "habitable zone" around each star.
Introduction
The question of the existence of planets in double star systems is fairly ancient, but has arisen recently into actuality due to the detection (although indirect -by the now-well-known radial velocity method, see e.g. Mayor and Queloz 1995) of an exoplanet around 16 Cyg B by Cochran et al. (1996 Cochran et al. ( , 1997 ; see also Mazeh et al. 1997) , and to the discovery of a probable proto-planetary disk around the binary BD+31 o 643 by Kalas and Jewitt (1997) .
In previous papers (Benest 1988a (Benest , 1989 (Benest , 1996 , hereafter referred to as Papers I, II and III; see also Benest 1988b , which contains a large list of references, and Benest 1993), we showed that stable planetary orbits, around either the lightest or the heaviest component of three binary systems: α Centauri, Sirius and η CrB (Coronae Borealis), exist up to distances from their primary of the order of more than half the binary's periastron separation.
This work is a continuation in the elliptic case of a systematic study of the circular case in the plane Restricted Three-Body Problem (Benest 1974 (Benest , 1975 (Benest , 1976 , where we explore numerically the possibility of existence of large stable orbits for the Send offprint requests to: D. Benest infinitesimal body (hereafter called the "planet" P) around one of the two massive bodies (hereafter called the "stars": the primary of P and its companion are noted S and C, whose masses are respectively m S and m C ). The equations of motion are written as usual (see e.g. Szebehely 1967 ) in a rotating-pulsating dimensionless coordinate system (X, Y , dX/dT = U , dY /dT = V , where T is the true anomaly of S on its orbit; equations are given in Benest 1978) with origin in S, the companion C lying on the X axis on abscissa −1, and are integrated using a fourth-order Runge-Kutta scheme with automatically variable step size. As noted in previous papers, the normalized mass of S is µ = m S /(m S + m C ), e is the orbital eccentricity of the binary, T o is the initial true anomaly of S (we have shown previously, see e.g. Paper I and Benest 1971, that we may consider only the case T o = 0), and the initial conditions for P may be limited (Benest 1978) 
an orbit can thus be represented biunivocally by a point in the plane (X o ,V o ), where the region of stable orbits can be easily visualized for any given value of the initial parameters µ and e.
Our definition for stability is as follows: a planetary orbit is called stable when there has been neither collision (with a star, S or C) nor escape (i.e. the regularity of the revolution of P around S is interrupted; for more details, see e.g. Benest 1988b) during a given number N of revolutions of the binary. As for the previous studies, we have taken N=100 which corresponds, for a typical binary's orbital period of 50 to 100 years, to 5000 to 10000 years; this is of course very short compared with the lifetime of stars, but experiences indicate that instabilities appear generally inside this time span: only orbits very near the stability limit may be revealed unstable by a longer integration, and this could imply only a little shift of the limit (see e.g. Paper II). Practically, the (X o ,V o ) plane is explored for 0 ≤ X o ≤ 1 and −3 ≤ V o ≤ 3 with a grid ∆X o = 0.0125 -∆V o = 0.05; establishing with a fairly good precision the limit between stable and unstable regions would then require the computation of about 10000 orbits for each set of initial parameters (µ,e). Note that, due to the variable step size (computed at each time step proportionally to the distance of P to the nearest star S or C, and to the inverse of the velocity), orbits of little dimensions or having many close encounters with one star need more and more computational time. The computation has been made on Digital "Alpha" machines at the Observatory of Nice.
A complete exploration of the plane elliptic problem would require to consider a great number of sets (µ,e), each parameter ranging independently from 0 to 1. In a first stage, it seemed more reasonable to take values of µ and e corresponding to real double stars; for every such system, we make two studies: one around the heaviest component A (parameter set µ A ,e) and one around the lightest component B (parameter set µ B ,e). The most well-known nearby binaries (up to 20 light-years) give a fairly good sample, with values of µ A -µ B ranging from 0.45-0.55 (α Centauri and 61 Cygni AC-B) to 0.04-0.96 (61 Cygni AC), and values of e ranging from 0.06 (Luyten 726-8) to 0.9 (36 Ophiuchi AB). In Paper I, we began the study with our nearest neighbour: the α Centauri system (µ A = 0.55, µ B = 0.45, e= 0.52) -note that other and longer simulations about α Centauri have recently globally confirmed our results (Wiegert and Holman 1997 ; see also Kelly 1997) -; in Paper II, we continued with the brightest star in the Earth' sky and one of the most famous and amazing binaries: Sirius (µ A = 2/3, µ B =1/3, e= 0.592); in Paper III, we investigated a system which mass ratio is the same as for α Centauri but with a lower value of the binary's orbital eccentricity: η CrB, e = 0.28. Here, we go on with the exploration of the ADS 12033 system, which mass ratio is also the same as for α Centauri and η CrB, but with a much higher value for the binary's orbital eccentricity: e = 0.83.
Planetary orbits in the ADS 12033 system
The binary star ADS 12033 (HU 940, BD+33 o 3318, AGK3 +33 1731, SAO 67799, Hipparcos Input Cat. 93754 AB) is fairly near: around 75 pc (dynamical parallax ≈ 0.013"). The two stars are, as in the α Centauri and the η CrB systems, nearly of spectral type G2V, like the Sun. Their masses are thus also similar to the Sun's mass: m A should be a little more than 1 M , and m B a little less than 1 M , so it seemed reasonable to take for the normalized masses the same values as for α Centauri and η CrB, i.e. µ A = 0.55 and µ B = 0.45. The binary's orbital eccentricity is 0.83 (Baize 1980 ; see also Worley and Heintz 1983) . As for the three binaries previously studied, it is not a close binary: a ≈ 0.34", which gives, taking into account the distance, a mean separation of ≈ 25 AU (which would give the periastron and apoastron distances as respectively 4.25 and 45.75 AU); we select indeed our binaries among the relatively wide ones, for realistic stable planetary orbits could take place around one component. We do not discuss here large planetary orbits around the whole binary; for this case, see e.g. Dvorak (1982 Dvorak ( , 1984 Dvorak ( , 1986 Dvorak ( , 1988 , Dvorak et al. (1989) , Szebehely (1980) , Szebehely & McKenzie (1981) and Kubala et al. (1993) .
Figs. 1 and 2 present the stable region in the (X o ,V o ) plane for planetary orbits around ADS 12033 A (Fig. 1 ) and around ADS 12033 B (Fig. 2) for T o = 0, i.e. for the binary initially in its minimum separation (ADS 12033 A and B initially at their periastron). The presentation of the graphs is as follows: each point of the grid cited above being representative of an orbit, when this orbit is unstable, the corresponding point is not indicated on the graph; when this orbit is stable (in the sense defined above), it is surrounded with a square whose center is at the correspond- ing point and whose side has the same value as the step of the grid. Moreover, for a stable orbit, the drawing inside the square (point, cross, ×, asterisk, or totally filled square) indicates the maximum value of the eccentricity (e 3 ) of the planetary orbit during the integration time: this point will be discussed in the next Sect. 2.1.
Generally speaking, the shape and the extension of the stable region are not very different from those in the α Centauri (Paper I), the Sirius (Paper II) and the η CrB (Paper III) systems. The stability zone is also separated into two regions, corresponding roughly to direct (V o > 0) and retrograde (V o < 0) orbits in the rotating-pulsating frame; the instability in the "channel" separating the two stable regions is due mainly to "collision" with one of the two stars, when the instability at the right-hand border of the stable regions (i.e. increasing X o at constant V o ) corresponds mostly with "escape" from planetary motion around one star to any other kind of motion, often of exchange-type, also called "interplay" (i.e. the orbit of the planet approaches alternatively each star; see Benest 1988b; this kind of orbit is generally highly unstable). As in the three cases previously studied (α Centauri, Sirius and η CrB), the stable region is surrounded by a chaotic zone (the "grey region" of Rabl & Dvorak 1988) , where orbits with very close initial conditions (as close as 10 −4 ) have a strongly divergent destiny; this is materialized by "islands" prolonging the most advanced "cape" of stability, i.e. the largest stable planetary orbits. Note that there exist also "lakes" of unstability inside the stability zone (the empty squares).
As well-known (Jackson 1913 ; see also Hénon 1965 Hénon , 1966 , retrograde planetary orbits (in the rotating frame; in fixed axes, these orbits may be direct, see Benest 1978 for details) are more stable than direct ones in the restricted three-body problem, particularly in the circular case. Our results confirm this general behaviour for the elliptic case, at least for the four systems we have studied up to now: α Centauri (Paper I), Sirius (Paper II), η CrB (Paper III) and ADS 12033 (this paper). In the four cases, the most remote stable orbits are farther around the heaviest star (α Centauri A, Sirius A, η CrB A and ADS 12033 A) than around the lightest one (α Centauri B, Sirius B, η CrB B and ADS 12033 B); the discrepancy is almost the same for the α Centauri, the η CrB and the ADS 12033 systems, but is greater Fig. 1 . Region of stability in the (Xo,Vo) plane (dimensionless coordinates in the rotating-pulsating frame; see text for details) for planetary orbits around ADS 12033 A for To = 0 (binary initially at periastron); the stable region is represented by the squares (see text for details); the pointed (resp. crossed, ×-ed, asterisked and filled) squares indicate planetary orbits whose eccentricity e3 stays under the respective values given on the graph.
for Sirius (see Table 1 ); this is probably related to the greater inequality between the two normalized masses of the two stars in the Sirius system (µ A = 2/3 and µ B = 1/3) than in the α Centauri, the η CrB and the ADS 12033 systems (µ A = 0.55 and µ B = 0.45), as previous works have shown that the mass ratio between the two massive bodies is an important parameter for the orbits we study here (see e.g. Hénon & Guyot 1970; Benest 1974 Benest , 1975 Benest , 1976 . In Paper III, we had conjectured that the difference of eccentricity of the three binaries (0.592 for Sirius, 0.52 for α Centauri and 0.28 for η CrB) could play eventually a role, but the results presented here (for a high value of the binary's orbital eccentricity -e = 0.83!) seem to show that it could not be necessarily the case; many other binary systems have to be studied before setting any precise conclusions.
Nearly circular planetary orbits
In so far as we were mainly interested in this study by the extension (in X o ) of the stable region for planetary orbits around one component in a binary, we have often met, in the "cape" of stability cited above -or in islands -, orbits with relatively high eccentricity (see Figs. 3 and 4, whose initial conditions are given in Table 2 ). But, besides, we may ask how many, amongst all the stable planetary orbits, are "nearly circular", i.e. do keep their eccentricity (hereafter noted e 3 ) under a low value during a long time. This is an important question from the point of view of bioastronomy: these nearly circular planetary orbits are indeed supposed to keep more stable climatic conditions than eccentric ones; moreover, if these nearly circular orbits stay in the so-called "habitable zone" -in the sense of Hart (1979) -, and if there are actually planets revolving on these orbits (which is another problem, the cosmogonic one: can planets form in double, or multiple, systems?), then these planets could be good candidates to be habitable.
In Figs. 1 and 2 , we have checked the stable planetary orbits whose eccentricity e 3 around their "sun" stays under respectively 0.05 (filled squares), 0.1 (asterisks), 0.25 (×) and 0.5 (little cross) during the 100 revolutions of the binary corresponding to our simulation; the first two values of e 3 are greater than the orbital eccentricity of Venus and the Earth (resp. 0.007 and 0.017), and the second is greater than the orbital eccentricity of Mars (0.093), so that we keep a reasonable safety margin. The main result is that the nearly circular planetary orbits exist up to 0.225 times the perihelion separation q of the binary for both ADS 12033 A and B; this value corresponds to almost 1. AU for q = 4.25 AU. Figs. 5 and 6-7 present the largest nearly circular planetary orbits around ADS 12033 A for e 3 under respectively 0.05 and 0.1. We obtained almost the same results for the α Centauri (Benest 1991) and the η CrB (Benest 1996) systems. In the Sirius system, nearly circular planetary orbits exist too, but not with such a low value of e 3 (Benest 1989) ; is this due to the greater value of µ A ? More computations would be necessary to decide. 
Discussion and prospects
This paper, together with Papers I, II and III, confirms the main result obtained in the circular restricted three-body problem, i.e. the existence of stable planetary orbits around one component of double stars up to a distance from their parent star of the order of, or superior to, half the periastron separation of the binary. This systematic exploration of the elliptic case has to be continued for many other nearby binaries; our final goal is to establish the limiting values, if they exist, of e (binary's orbital eccentricity) and µ (binary's mass ratio) beyond which no such stable planetary orbits exist.
We limit ourselves here to the plane case (the planet's trajectory stays in the binary's orbital plane), as it has been shown that the stability of such planetary orbits is relatively insensitive to the inclination of the planet's trajectory with respect to the binary's orbital plane, except when it approaches a perpendicular configuration (Harrington 1972) . Moreover, Hale (1994) has recently shown, through an analysis of orbital coplanarity in binaries (between the orbital plane and the equatorial planes of the two stars), that for binary's separation under 30 -40 AU, planetary orbital planes are probably not very much inclined with respect to the binary's orbital plane.
We consider here orbits for a lonesome planet in an isolated binary. In real systems, and as far as the Solar System is typical (there are several planets), we may expect the presence of several bodies around each star of the binary (an example is proposed in Benest 1991); mutual perturbations would have therefore to be taken into account; nevertheless, as our Solar System seems to have been stable at least up to now, these perturbations do not probably change very much the global extension of the stability regions. Moreover, real systems are not isolated in the Universe; but, as we are here in the inner regions of the binary, external influences -like the gravitational field of the Galaxy or encounters with giant molecular clouds -are probably not sufficient to alter significantly our results; of course, a very close encounter with another star could modify the planet's trajectory but this encounter must be so close that it would alter the binary's orbit too.
Finally, as said above, we have met during this computation some orbits, particularly near the boundary of the stability zone, showing stochastic properties. It would thus be interesting to have a quantitative measure of the stochasticity of our planetary orbits, for example through the computation of the Lyapunov Characteristic Indicators -LCIs -(see e.g. Benest & Gonczi 1994) , in order to establish -if possible -a relationship between our stability criterion and the stochasticity. Of course, we are aware that LCIs need very long integrations and that escape orbits are sometimes "sticked orbits" which seem stable during very long time before escape and therefore are difficult to distinguish from actual stable orbits using only the LCIs (see e.g. Dvorak et al. 1997) . Taking into account these wary remarks, this study will be soon undertaken.
